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While the importance of Toll-like receptor (TLR) signaling is well established in many autoimmune diseases, the role of TLR
activation in Sjogren’s syndrome (SS) is poorly understood. Studies in mice and humans reveal that TLRs are potent mediators
of inflammation in SS. TLRs are expressed and functional in salivary tissue, and TLRs in peripheral blood cells of SS patients
are also upregulated and hyperresponsive to ligation. In this review, we will detail observations in mouse models regarding the
importance of TLR activation in both local and systemic disease. We will then discuss studies in SS patients that provide
evidence of the importance of TLR-mediated signaling in disease. While the ligands that activate TLRs in the context of SS are
unknown, emerging data suggest that damage-associated molecular patterns (DAMPs) may be significant drivers of the
chronic and unremitting inflammation that is characteristic of SS. We will discuss putative DAMPs that may be of clinical
significance in disease. Therapies that target TLR signaling cascades will likely reduce both exocrine-specific and systemic

manifestations of SS.

1. Introduction

Toll-like receptors (TLRs) constitute a class of pattern
recognition receptors that are expressed ubiquitously [1, 2].
TLRs are ancient membrane-spanning proteins that recog-
nize both pathogen-associated molecular patterns (PAMPs)
derived from microorganisms and endogenous mediators of
inflammation, termed danger-associated molecular patterns
(DAMPs) [3]. TLR activation leads to recruitment of adaptor
proteins within the cytosol that culminates in signal trans-
duction. Ultimately, activation of these pathways results in
the transcription of genes involved in inflammation, immune
regulation, cell survival, and proliferation [3]. Although TLRs
were initially thought to be important only in host defense,
more recent work demonstrates a critical role for TLRs in
autoimmunity [4]. While TLR signaling is required for
several different autoimmune diseases, the contribution of
TLR signaling to Sjogren’s syndrome (SS) initiation and
progression remains poorly understood [4, 5].

SS occurs in 2 forms: primary (pSS) and secondary (sSS).
In pSS, SS is the sole autoimmune disease present. This is in
contrast to sSS, where the disease is observed in conjunction
with another autoimmune connective tissue disease [6]. In
both forms of SS, salivary and lacrimal tissues are targeted
by the innate and adaptive immune systems. The disease is
characterized by lymphocytic infiltration of exocrine tissues
along with salivary and lacrimal hypofunction [6, 7]. Loss
of salivary flow results in patient discomfort, tooth decay,
and difficulty in speaking and eating [8, 9]. Patients may also
experience keratoconjunctivitis sicca or inflammation of the
eyes as a result of dryness that often leads to ocular discom-
fort and impaired vision [10]. In addition, pSS patients
exhibit systemic complications including hypergammaglo-
bulinemia, fatigue, and lymphoma [6, 7]. The diagnostic
criteria for SS were revised many times since the disease
was initially described [11], and the current criteria include
both serologic and glandular disease assessments [12]. As
many as four million Americans are currently living with
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SS [13]. Despite its prevalence, the disease etiology is
poorly understood and there is currently no known cure
for SS. Therefore, understanding the underlying pathways
and networks that mediate SS is crucial in order to
develop targeted treatments.

We will discuss the findings that suggest a crucial role for
TLR activation in SS pathogenesis. First, we will review data
from several different SS mouse models that demonstrate
the importance of TLRs in SS initiation and progression.
Second, we will examine evidence showing dysregulation of
TLR signaling in exocrine tissue and in peripheral blood
mononuclear cells (PBMCs) derived from SS patients. Third,
we will discuss the potential TLR ligands that may mediate
chronic inflammation in disease. Targeted therapies that
modulate TLR signaling will likely be efficacious in mitigating
both exocrine-specific and systemic disease manifestations.

2. Mouse Models of pSS Reveal the
Importance of TLRs in Disease

While studies in SS patients are crucial to understand disease
pathogenesis, the exclusive use of human patients to study SS
has several challenges, as disease development is insidious
and often goes undiagnosed for several years [13]. Therefore,
it is difficult to study early disease events in SS patients.
Moreover, there is considerable disease heterogeneity in
humans [14-16]. SS mouse models are invaluable tools that
facilitate the identification of underlying disease mecha-
nisms, as these display similar disease manifestations to
humans, and are well characterized in terms of the disease
progression [17-19]. Moreover, SS occurs in an accelerated
timeline compared to humans. Finally, use of mouse models
allows testing of therapeutics that is considerably more diffi-
cult to perform in humans [17, 18]. In the following section,
we will discuss findings in mouse models that illustrate the
importance of TLR activation in disease.

2.1. Spontaneous Development of SS: NOD/Lt and NOD-
Related Strains. One of the earliest SS models described was
the nonobese diabetic strain (NOD/Lt). Initially character-
ized as a model of type I diabetes [20], it was later found that
female NOD/Lt mice spontaneously develop lymphocytic
infiltration and loss of salivary flow at about 16 weeks of
age [21]. The NOD/Lt strain is one of the best characterized
for the study of sSS [22, 23]. Studies in submandibular gland
(SMGQG) tissue from female NOD/Lt animals found that TLR1I,
TLR2, TLR4, and TLR9 were increased at pre-clinical and
clinical stages when compared to a pre-disease time point
[24]. In addition, myeloid differentiation primary response
88 (MyD88), a key adaptor used in both TLR and IL-1R fam-
ily member signaling [1], was elevated at both disease time
points as well. This heightened expression coincided with
increasing lymphocytic infiltration in the SMG, suggesting
that TLR activation may contribute to the recruitment of
lymphocytes to the salivary gland [24].

To determine whether TLR inhibition may be an efhi-
cacious therapeutic, female NOD/Lt mice were given chlo-
roquine prior to disease development until 16 weeks of age
(clinical disease age). Chloroquine prevents endosomal
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acidification, a process that is required for TLR3, TLR7,
TLRS8, and TLR9 signaling [25-27]. Consistent with previ-
ous studies in lupus models, treated animals displayed
reduced expression of TLRI, TLR2, TLR3, TLR4, and
TLRY in salivary tissue [24]. In addition, chloroquine
decreased sialadenitis [24]. These studies suggest that
TLR-mediated signaling is important for salivary-related
disease manifestations in SS and inhibition of such may
be of therapeutic benefit.

Additional studies in NOD/Lt mice established the
importance of TLRY activation in SS. TLRY ligation results
in phosphorylation of p38 MAPK [28]. The kinetics of
TLR9 expression and activation were examined in PBMCs
isolated from NOD/Lt mice at pre-disease (4-5 weeks of
age), pre-clinical (8-10 weeks), and clinical disease time
points (15 weeks of age) [29]. The authors found that the per-
centage of cells coexpressing TLR9 and phosphorylated p38
MAPK was highest at 8 weeks of age. Moreover, expression
of both proteins was higher in NOD/Lt animals as compared
to controls at the 5-, 8-, and 10-week time points [29]. These
data suggest that TLR9 activation may occur relatively early
in disease. In a separate study, salivary flow and inflamma-
tory mediators were evaluated in NOD mice treated with
TLRY agonists [30]. Significantly, TLR9 activation resulted
in increased saliva production and decreased inflammatory
mediators in salivary tissue [30]. Thus, TLRY signaling may
play a protective role in SS, similar to lupus [31], and activa-
tion of TLR9-dependent pathways may be a novel therapeutic
strategy in SS.

While the NOD/Lt strain is valuable in the study of sSS,
the use of pSS mouse models is important to facilitate identi-
fication of SS-specific disease mechanisms, particularly in the
periphery. To this end, the C57BL/6.NOD-AeclAec2 pSS
strain was generated from the NOD/Lt strain. C57BL/
6.NOD-AeclAec2 mice have two genomic regions from
NOD/Lt mice referred to as Idd susceptibility loci (called
Idd3 and Idd5) that contribute to the development of SS
[32]. C57BL/6.NOD-AeclAec2 mice recapitulate many
aspects of human disease, including loss of salivary and tear
flow, presence of autoantibodies, and glandular lymphocytic
infiltrates [32]. Microarray studies performed on transcripts
derived from salivary tissue of C57BL/6.NOD-AeclAec2
mice at a pre-disease time point showed upregulation of
genes involved in TLR signaling pathways [33]. Specifically,
TLR3 and TLR7 were elevated, as well as many downstream
signaling intermediates such as TRAFS, interferon regulatory
factor 5 (IRF5), and IRF7 [33]. Thus, studies in this model
provide corroborative evidence that endosomal TLR signal-
ing cascades are dysregulated early in disease.

The NOD.B10Sn-H2? (NOD.B10) mouse model is also
valuable for the study of pSS. NOD.B10 mice were derived
from the NOD/Lt strain by replacing the major histocompat-
ibility locus with that from the C57BL/10 strain [34]. The
resulting congenic animals develop pSS but are resistant to
type I diabetes. NOD.B10 mice share many similarities with
pSS patients. They have a strong female disease predilection
and exhibit spontaneous disease development. Moreover,
they display antinuclear autoantibodies, lymphocytic infil-
trates in salivary and lacrimal tissues, and loss of salivary flow
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TastLE 1: Evidence for TLR activation in murine studies of SS.
Strain Results Refs
NOD/Lt (i) Increased TLRI1, TLR2, TLR4, TLRY, and MyD88 expression at pre-clinical and clinical disease stages [24]
(ii) Chloroquine reduced sialadenitis and TLR1, TLR2, TLR3, TLR4, and TLR9 expression in SMG tissue
(i) Lymphocytes expressing TLR9 are present in SMG tissue
NOD/Lt (i) PBMCs coexpressing TLR9 and p-p38 MAPK are elevated in NOD/Lt animals at 5, 8, and 10 weeks [29]
of age compared to BALB/c controls
NOD (i) TLRO ligation increased salivation [30]
C57BL/6.NOD- (i) TLR3, TLR7, and downstream signaling intermediates are elevated at pre-clinical disease time point
. . [33]
AeclAec2 in SMG tissue
NOD.B10 (i) MyD88-deficient females are protected against local and systemic pSS manifestations [36]
(i) TLR3 agonism with poly(I:C) increased IFNf, Mx-1, PRKR, IF144, IL-6, TNFa, and CCL5 in salivary
NZB/WF1 : : weree [39]
tissue and resulted in loss of salivation
NZB/WFI (i) Poly(I:C) upregulated CCL2, CCL3, CCL4, CCL7, CCL11, CCL12, CXCL10, and Cxcl13 in SMG tissue [40]
(ii) Poly(I:C) induced robust and accelerated salivary inflammation and diminished saliva production
C57BL/6 (i) Poly(I:C) treatment caused reduced salivation and increased IL-6, IL-10, and IL-27p28 in SMG tissue [41]
C57BL/6 (1) Poly(I:C) induced upregulation of chemokines in lacrimal tissue, dacryoadenitis, and reduced tear [43]
production
(i) LPS treatment induced sialadenitis, increased TNFa«, IFNf3, IFNy, and IL-6 in SMG tissue, and caused
C57BL/6 L [42]
hyposalivation
C57BL/6 (i) Flagellin caused salivary inflammation, increased inflammatory cytokines and chemokines in sera, and [44]

autoantibodies

[19, 35]. Recent work demonstrates that MyD88 plays a cru-
cial role in the development of pSS. SDpeciﬁcally, NOD.B10
females that lack MyD88 (NOD.B10™"%5~/7) were protected
from loss of salivary flow and demonstrate reduced preva-
lence of lymphocytic infiltration in the lacrimal and subman-
dibular glands compared to the parental strain [36].
NOD.B10"P%"~ mice were also protected from extragland-
ular disease manifestations. These animals displayed a
decrease in lymphocytic infiltrates in both the lung and kid-
ney compared to NOD.B10 animals despite similar s%lenic
T and B cell populations [36]. Finally, NOD.B10"»"%/~
mice exhibited diminished total and autoreactive antibodies
as compared to the NOD.B10 parental strain [36]. Of note,
since both TLRs and IL-1R family signaling are dependent
on MyD88, further studies are needed to determine the
specific MyD88-dependent pathways that are required for
disease pathogenesis. Altogether, these studies provide
compelling evidence that TLRs play a crucial role in dis-
ease in NOD mice.

2.2. TLR Agonists Induce SS in Healthy and SS-Prone Mice.
Additional studies demonstrate that activation of TLRs in
both animals with a genetic predisposition to develop
autoimmune disease, as well as in healthy animals, results
in SS-like disease. The NZB/WF1 strain is an sSS model that
develops spontaneous lupus and SS [37]. Studies in the SMG
of these animals revealed that TLR3 is expressed in the sali-
vary epithelium, both in acinar tissue, ducts, and in the gran-
ular convoluted tubules (the segment of the duct system
situated between the striated and intercalated ducts in
rodents) [38, 39]. When NZB/WF1 mice were given a
synthetic TLR3 agonist (polyinosinic:polycytidylic acid
(poly(I:C)), they developed SS-like disease at an accelerated
rate [39, 40]. Furthermore, TLR3 agonism upregulated type

I interferon (IFNp) and IFN-responsive genes and inflamma-
tory mediators in SMG tissue, including IL-6, IL-1f3, and
CCL5 [39, 40]. Interestingly, saliva production was reduced
significantly one week post-treatment, despite the fact that
the SMG histology remained normal in appearance [39].
Further work demonstrated that IFN and IL-6 are crucial
for loss of salivary flow, as IFNar '~ and IL-6 '~ mice were
protected from salivary hypofunction following poly(I:C)
administration [41]. Thus, poly(I:C) mediates salivary dis-
ease by induction of both type I IFN and IL-6.

Significantly, TLR activation in healthy mice also leads to
the development of SS. Indeed, C57BL/6 mice given the TLR
agonists lipopolysaccharide (LPS) or poly(I:C) display loss of
salivary and tear flow and increased expression of proinflam-
matory cytokines in SMG and lacrimal tissue [41-43].
Additional studies implicate TLR5 in SS pathogenesis.
C57BL/6 animals treated with the flagellar filament structural
protein FliC, a TLR5 agonist, develop salivary inflammation
[44]. Moreover, these mice display elevated levels of inflam-
matory mediators in sera and heightened IgG and anti-SSA/
Ro autoantibodies [44]. Thus, these studies demonstrate a role
for TLR activation in SS initiation in healthy animals and also
in disease exacerbation in SS-prone mice. A summary of TLR-
related studies in mouse models is provided in Table 1.

3. TLRs Are Dysregulated in Human SS

TLR expression and function have been studied in both
salivary cells and PBMCs derived from pSS patients. Studies
conducted on minor salivary gland (MSG) biopsy tissue or
salivary gland epithelial cells (SGECs) allow for a mechanistic
understanding of salivary-specific disease events in pSS.
Analysis of PBMC populations provides insight regarding
systemic immune dysfunction in pSS. In the following



section, we will review the literature related to TLR expres-
sion and function both in salivary tissue and in the periphery
in the context of pSS.

3.1. Cell Surface TLRs Contribute to SS Pathogenesis

3.1.1. TLR2 Mediates Inflammation in SS. TLR2 plays an
important role in several different autoimmune diseases,
including lupus and rheumatoid arthritis [45, 46]. TLR2
recognizes a wide range of microbial products such as pepti-
doglycan (PGN) from Gram-positive bacteria and bacterial
lipoproteins [47]. This diverse ligand binding is due in part
to the ability of TLR2 to form heterodimers with TLR1 or
TLR6 in order to fine-tune its specificity [48].

TLR2 is expressed in SGECs and in MSG tissue of pSS
patients [49-51], and this expression correlates with the
degree of focal lymphocytic sialadenitis [49]. PGN stimula-
tion of TLR2 results in increased expression of mediators of
immune activation (ICAM-1, CD40, and MHC-1) in SGECs
derived from pSS patients and controls [51]. In a corrobora-
tive study using SGECs from pSS patients, TLR2 ligation
resulted in NF-«B-dependent secretion of IL-15 [52]. IL-15
mediates proliferation of activated B and T cells and is pivotal
in the generation and maintenance of natural killer (NK)
cells [53]. Further work using SGECs derived from pSS and
control MSG biopsies found that IL-15 was upregulated in
these cells [54]. These data indicate that TLR2 agonism could
promote both the survival and proliferation of both innate
and adaptive immune cells in salivary tissue in disease.

In addition, TLR2 levels are elevated in PBMCs from pSS
patients [49]. Interestingly, TLR2 stimulation results in
upregulation of IL-17 and IL-23 mRNA transcripts, as well
as heightened secretion of IL-17 and IL-23 in PBMCs derived
from pSS patients as compared to controls [49]. Secretion of
both cytokines is enhanced when cells are treated concomi-
tantly with PGN and anti-CD3 [49]. These data suggest that
TLR2 signaling may be an important mechanism leading to
enhanced T cell-derived IL-17 production in pSS [55].

Although the ligands that activate TLR2 in the context of
SS are unknown, it is interesting to note that both TLR1 and
TLR6 are expressed at high levels in the SGECs of pSS
patients [49]. Since TLR2 forms heterodimers with both
TLRI and TLR6, this suggests a diverse group of ligands
may activate TLR2-dependent signals in disease. Signifi-
cantly, activation of pSS PBMCs with TLR2 and TLR6
ligands (PGN and zymosan, respectively) results in additive
secretion of IL-23 and IL-17 [49]. Altogether, these data indi-
cate that TLR2-dependent pathways may lead to inflamma-
tion both in exocrine tissue and in the periphery. Therefore,
therapies that target TLR2 may ameliorate both local and sys-
temic pSS disease manifestations.

3.1.2. Emerging Data Suggest an Important Role for TLR4 in
Human SS. TLR4 recognizes both pathogen-derived and
endogenous molecules and plays an important role in the
pathogenesis of several autoimmune diseases [45, 47, 56—
58]. TLR4 is expressed in salivary glands, specifically in
infiltrating mononuclear cells and in ductal and acinar
cells [49, 59]. TLR4 expression is increased in the MSG
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of pSS patients, and receptor levels correlate with the
degree of glandular inflammation [49, 60]. Importantly,
TLR4 expressed by SGECs is functional, as stimulation
with LPS results in increased expression of the immuno-
regulatory molecules ICAM-1, CD40, and MHC-1 [51].
Although additional work reported TLR4-mediated IL-6
production in human salivary gland (HSG) cells, this cell
line is now recognized to be a HeLa derivative [59, 61].

However, recent work using the A253 salivary gland
cell line established that TLR4 is upregulated in response
to LPS stimulation in salivary cells [62]. Moreover, LPS
stimulation results in secretion of numerous inflammatory
mediators, including IL-6, IL-12, CCL5, and monocyte
chemotactic protein-1 (MCP-1) [62]. Thus, current evi-
dence suggests an important role for TLR4 in salivary
inflammation in SS, and future work to understand the
regulation and activation of TLR4 in the context of this
disease may lead to novel ways to mitigate chronic inflam-
mation in autoimmunity.

3.1.3. Hematopoietic-Derived TLR5 May Contribute to
Disease. While there is a paucity of data regarding the role
of TLR5 in SS (and in autoimmunity in general), TLR5-
dependent signaling pathways may contribute to disease.
TLR5 recognizes flagellin, a highly conserved protein found
in bacteria. TLR5 expression is decreased in PBMCs from
PSS patients as compared to healthy controls [63], although
the significance of this finding remains to be determined. It
is interesting to speculate that TLR5 activation may promote
sialadenitis and autoantibody production in pSS patients, as
is suggested by studies in mice (vide supra), although this
has not been examined in humans to date [44, 64]. Further
studies of TLR5 in peripheral blood samples and salivary tis-
sue of pSS patients may reveal an important role for this
poorly understood receptor in autoimmunity.

3.2. Endosomal TLRs Mediate Disease in SS Patients

3.2.1. TLR3 Mediates Cell Death and Inflammatory Cytokine
Production in Salivary Gland Cells in SS. TLR3 binds dsRNA
that is primarily produced by viruses, although this receptor
also recognizes endogenous RNA released from necrotic cells
in autoimmune disease [47, 48, 65]. TLR3 is expressed in
SGECs, and treatment of these cells with poly(I:C) results
in increased of expression of ICAM-1, CD40, and MHC-I
[50, 51, 66]. In addition, stimulation of SGECs with poly(I:C)
or reovirus-1 (a dsRNA virus) results in heightened BAFF
secretion and pre-treatment of SGECs with chloroquine
diminished this effect [50]. Of note, several studies in mice
and humans demonstrate that BAFF plays a key role in SS
pathogenesis, primarily by inducing B cell hyperactivity
[67-72]. These studies suggest that TLR3 ligation of salivary
cells activates both adaptive and innate immunity.

TLR3 agonism also contributes to SGEC apoptosis in SS.
Accordingly, SGECs from pSS patients stimulated with
poly(I:C) undergo anoikis, a process of programmed cell
death in which death is triggered by loss of normal cell
attachment to the extracellular matrix (ECM) [73]. Signifi-
cantly, SGECs derived from a healthy individual are
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TaBLE 2: Aberrant TLR expression and activation in salivary tissue in SS.
Tissue/cell type TLR Results Refs
pSS SGECs 1 (i) Increased gene expression compared to controls [51]
(i) TLR2 is expressed in SGECs [50]
(ii) Increased protein expression following treatment with PGN [51]
Healthy and pSS$ SGECs 2 (iii) Upregulation of immune-activating molecules following TLR2 ligation [66]
(iv) TLR2 activation induced IL-15 secretion [52]
PSS MSG biopsies ) (1) Increjased Proteln expression compared to controls that correlates with the degree [49]
of salivary inflammation
(i) TLR3 is expressed [50]
(ii) Elevated gene expression compared to controls [51]
Healthy and pSS SGECs 3 (iii) Increased protein expression following treatment with poly(I:C) [66]
(iv) Upregulation of immune-activating molecules following TLR3 ligation [74]
Healthy SGECs 3 (i) Induction of BAFF mRNA and protein secretion by the TLR3 agonists poly(I:C) [50]
and a dsRNA virus
. . . . o . L [74]
Healthy and pSS SGECs 3 (1) .Poly(I.C).treatment mfit%ced expression and activation of apoptosis-related signaling (66]
intermediates and anoikis (73]
Healthy and pSS MSGs 3 (i) Increased protein expression of TLR3 signaling intermediate RIPK3 kinase in pSS tissue [74]
SGECs 3 (i) Poly(I:C) treatment upregulated Ro52/TRIM21 mRNA, resulting in redistribution in nucleus [76]
pSS MSG biopsies 4 (1) Inc.rease.d protein expression compared to controls that correlates with the degree of [49]
salivary inflammation
(i) Elevated gene expression compared to controls
Healthy and pSS SGECs 4 (ii) Increased protein expression following LPS stimulation [51]
(iii) Upregulation of immune-activating molecules following TLR4 ligation
(i) Increased protein expression following LPS stimulation
A253 cells 4 (ii) LPS-induced secretion of proinflammatory mediators [62]
pSS MSG biopsies 6 (i) Increased prf)teln expression compared to controls that correlates with the [49]
degree of salivary inflammation
Healthy SGECs (i) TLRY7 is expressed [50]
pSS MSG biopsies (i) TLRY7 is expressed [77]
C'ontr.ol and pSS parotid 7,9 (i) Elevated protein expression [78]
biopsies
Eealtby and pSS MSG 8,9 (i) Elevated gene expression [79]
iopsies

protected from anoikis following TLR3 ligation, although the
reason for this observation is poorly understood [73]. In a
corroborative study, TLR3 agonism induced apoptosis in
pSS SGECs through upregulation of RIPK3, p-FADD, and
cleaved caspase-8 [74]. While apoptosis normally does not
induce an immune response in healthy individuals, SS
patients exhibit deficient clearance of apoptotic debris that
could serve as a nidus of inflammation in disease [75].

In addition to apoptosis, TLR3 ligation in salivary tissue
regulates the SS autoantigens SSA (Ro52 and Ro60) and
SSB (La) [76]. Specifically, treatment of SGECs from control
and pSS patients with poly(I:C) causes redistribution of these
proteins in the nucleus and increases expression of Ro52
transcripts. Stimulation of SGECs with poly(I:C) also results
in the dysregulation of interferon regulatory factors (IRFs)
and elevated IFNJ levels, similar to observations in NZB/
WFEF1 mice (vide supra) [39]. Significantly, neutralization of
IFNp diminished poly(I:C)-induced upregulation of Ro52
mRNA and also inhibited autoantigen redistribution [76].
Taken together, these data suggest that TLR3 signaling

cascades upregulate Ro52 and induce apoptosis of salivary
epithelium, thereby releasing autoantigens that drive
immune hyperactivity in SS. Therefore, TLR3 has profound
effects on salivary epithelium, as TLR3 agonists promote
expression of costimulatory molecules, cytokine secretion,
anoikis, and autoantigen expression within these cells.

3.2.2. Activation of TLR7, TLRS, and TLR9 Contributes to
Immune Dysregulation in SS. TLR7 and TLRS8 are expressed
in salivary tissue and in the periphery, and several studies
demonstrate that both receptors are elevated in the context
of SS [50, 63, 77-79]. Significantly, data suggest that TLR7
activation contributes to the etiopathogenesis of SS. TLR7-
stimulated B cells from pSS patients secrete increased levels
of IFN« as compared to healthy control B cells [80]. More-
over, stimulation of naive B cells from pSS patients with a
TLR7 agonist causes increased plasma cell differentiation
and class switching [81]. Finally, studies using monocyte-
derived DCs (moDCs) reveal that cells isolated from pSS
patients exhibit enhanced maturation following stimulation
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TaBLE 3: Systemic TLR dysregulation in human SS.
Cell type TLR Results Refs
(i) PBMCs from pSS patients are more responsive to TLR2, TLR4, and TLR6 agonists than those
PBMCs ) from healthy controls . N o . . [49]
(ii) TLR2, TLR4, and TLR6 agonists show additive effect in induction of IL-23 and IL-17 secretion
in cultured PBMCs from pSS patients
PBMCs 5 (i) Reduced protein expression [63]
PBMCs 7 (i) Increased gene expression [78]
PBMCs 7 (i) Increased protein expression [63]
B cells 7 (i) Stimulation with TLR7 agonist (CL264) causes elevated IFNa secretion [80]
CD14+ monocytes 7 (i) Increased expression of TLR7 in pSS patients with a positive type I IFN signature [77]
PBMCs 8 (i) Elevated gene expression [63]
moDCs 7/8 i) irgz;eia;e{dc r;;gt;;ation in moDCs derived from pSS patients following stimulation with TLR7/8 (82]
B cells 7.9 1) Stimul;%tion of naive B cells erm pSS'pa}tients with TLR? (ir}liquimod) or TLRY (CpG) agonists [81]
causes increased plasma cell differentiation and class switching compared to controls
CD14+ monocytes (i) Decreased TLR9 expression in monocytes from both type I IEN-positive and IFN-negative pSS patients [77]
PBMCs (i) Decreased gene expression [63]
PBMCs (i) Increased gene expression [78]
(i) Enhanced secretion of IL-8, IL-15, IL-1RA, MCP-1, and IL-2R upon stimulation with TLR9
PBMCs 9 agonist CpG [80]

(ii) TLRY agonist (CpG) decreased CD80 and CD25 expression

TaBLE 4: Summary of putative DAMP/TLR interactions in SS.

DAMP TLR Refs
(i) Biglycan and decorin are degraded TLR2 and
by saliva from NOD.B10 mice TLR4 [95]
(ii) Versican is increased in SGEC lines TLR2/6 [108]
from SS patients heterodimer
(i) Fibronectin is dysregulated in salivary [109]
tissue from SS mice and upregulated in [110]

saliva from SS patients [95]

(ii) Calprotectin (S100A8/A9) levels are TLR4 [111]
elevated in sera, salivary tissue, and [112]
saliva of pSS patients [113]

(iii) MUC5B and MUC?7 are mislocalized [114]
in the ECM of pSS patients [115]

(i) Long interspersed nuclear element 1 [116]
(LINE-1) is increased in MSG tissue TLR 7/8 (117]

from SS patients

with a TLR7/8 agonist (CL097) as compared to those from
healthy controls [82]. Taken together, these data demon-
strate that pSS patients display elevated TLR7 expression
and hyperresponsiveness to TLR7/8 ligands and this likely
plays an important role in the chronic inflammatory land-
scape observed in SS patients.

While the underlying reasons for this are unknown at
present, it is intriguing to speculate that the heightened
TLR7 activation in SS may be due to X chromosome gene
dosage effects. As mentioned previously, SS occurs more
commonly in women than in men [6]. In order to compen-
sate for the presence of two X chromosomes in females,
either the maternally- or paternally-derived X chromosome

is randomly silenced, a process called X chromosome inacti-
vation (XCI). However, this epigenetic change is not 100%
effective, as 15% of genes expressed by both chromosomes
exhibit altered expression [83]. A recent study using gene
expression datasets found upregulation of 58 X chromosome
genes, including 22 genes previously shown to escape XCI, in
SS patient salivary glands [84]. Of note, TLR7 is found on
the X chromosome and escapes XCI in immune cells
[85]. Thus, there is a potential for females to have an
increased TLR7 copy number, leading to subsequent
TLR7 hypersensitivity. Indeed, pSS patients exhibit
increased TLR7 expression and responsiveness [77, 78,
80, 84] and this is likely mediated, at least in part, by
improper gene silencing [84].

Finally, several studies have focused on TLR9Y in SS, as
TLRO levels are elevated in both MSG and parotid tissues in
disease [78, 79]. While one study reported increased TLR9
expression in PBMCs [78], others report that expression is
decreased in both PBMCs and monocytes from pSS patients
[63, 77]. Differences are also observed in TLR9 responsive-
ness, as secretion of proinflammatory mediators, plasma
cell differentiation, and class switch recombination were
increased following TLRY ligation in B cells derived from
pSS patients as compared to those from controls [80,
81]. Of note, expression of CD80 and CD25 was dimin-
ished as compared to healthy controls [80]. As mentioned
above, TLRY plays a protective role in lupus [31] and
emerging work suggests that TLR9 activation also amelio-
rates disease in SS [30]. Although there are few studies
regarding the role of TLRY in SS, it is possible that
TLRY upregulation in glandular tissue may promote reso-
lution of inflammation, while the decreased expression in
the periphery may lead to immune activation. Therefore,
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further studies are required to understand how TLR9 is
regulated in SS and how TLRY activation modulates
disease pathogenesis.

3.3. TLR-Dependent Signaling Molecules Are Dysregulated in
SS. In addition to TLRs themselves, many TLR-dependent
signaling molecules show altered expression in pSS. Accord-
ingly, MyD88 is upregulated in both monocytes and

plasmacytoid DCs (pDCs) derived from pSS patients who
demonstrate an IFN signature [77]. In addition, PKR
(EIF2AK?2), which is activated by TLR4 through a MyD88-
independent pathway, is increased in monocytes from IFN-
positive pSS patients as compared to those who are IFN-
negative and healthy controls [77]. Moreover, RSAD2/viperin
and STAT]I were both increased in IFN-positive pSS patients
as well [77]. STAT1 is downstream of TLR2, TLR4, TLR7,



and TLR9 [77, 82, 86], while RSAD?2 is induced by TLR3 and
TLR7 [77, 87, 88]. Thus, evidence points to dysregulation of
both TLRs and TLR-dependent signaling intermediates in
SS. A summary of studies detailing TLR dysregulation in sal-
ivary tissue (Table 2) and in the hematopoietic compartment
in pSS patients (Table 3) is provided.

4. Emerging Data Identify Novel Ligands That
Likely Mediate Chronic Inflammation in SS

In pSS, the ligands that activate TLRs remain unknown.
While PAMPs may play a role in disease pathogenesis, it is
possible that endogenous DAMPs may activate TLRs, as is
the case for other autoimmune diseases [58, 89, 90]. DAMPs
are a diverse group of stimuli that include ECM molecules,
RNA and DNA, and saturated fatty acids [58, 90, 91].
DAMP-induced inflammation is “sterile,” as it is caused by
host-derived molecules that normally do not elicit an
immune response. However, under conditions of tissue dam-
age, these endogenous mediators are released in soluble form,
allowing for activation of host receptors [90, 92]. Many dif-
ferent TLRs are activated by numerous, partially overlapping
DAMPs [90]. Evidence in both SS models and patients sug-
gests that DAMPs may contribute to disease [93-95],
although more work is needed to understand the role of
DAMP-derived inflammation in SS. A summary of DAMPs
identified in SS that are known to activate TLRs is provided
in Table 4, and the signaling cascades activated by DAMPs
are shown in Figure 1.

5. Inhibition of TLR-Dependent Signaling
Mitigates Human Autoimmunity

Therapeutics that target TLR signaling pathways are currently
being tested for the treatment of several different autoimmune
diseases [62, 89, 90, 96-100]. Small molecule inhibitors of
interleukin-1 receptor-associated kinase 4 (IRAK4) were
recently developed that block collagen-induced arthritis in
mice [101]. In addition, a high-throughput small-molecule
screening approach identified an inhibitor that blocks the bind-
ing of TRAF6 to the 2-conjugating enzyme ubiquitin-
conjugating enzyme E2N, thereby preventing ubiquitination
that is required for transduction of inflammatory signaling
[102]. This molecule (termed C25-140) attenuated disease
severity in mouse models of imiquimod-induced psoriasis
and collagen-induced arthritis [102]. Moreover, a monoclonal
antibody directed against TLR4 recently completed a phase 2
clinical trial for the treatment of rheumatoid arthritis [103].
Finally, IMO-8400, an inhibitor of endosomal TLRs (TLR7,
TLR8, and TLRY), diminished clinical activity in a phase
2a, randomized, placebo-controlled trial in patients with pla-
que psoriasis [104].

Given the success of these targeted therapeutics in
other autoimmune diseases, modulation of TLR signaling
cascades may constitute a successful strategy to reduce
local and systemic inflammation in SS. Drugs that inhibit
DAMP-mediated TLR activation hold therapeutic promise,
particularly if co-receptors or accessory molecules neces-
sary for ECM binding are targeted [105, 106]. These
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therapies may be designed in such a way as to preserve
the ability of the host to respond to pathogens while pre-
venting pathogenic TLR activation by endogenous sources
[90, 107]. Therapeutics that target TLR-dependent
immune activation will likely result in improved manage-
ment of SS.

6. Conclusion

In summary, the etiopathogenesis of SS remains poorly
understood. While substantial evidence suggests that TLR
activation is an integral part of the disease, further studies
are required to elucidate the mechanisms that govern TLR
regulation and activation both in exocrine tissue and in the
periphery. These studies will likely lead to identification of
novel mediators of inflammation and targeted therapeutic
strategies to reduce the innate and adaptive immune activa-
tion that is characteristic of this debilitating disease.

Conflicts of Interest

The authors declare that there is no conflict of interest
regarding the publication of this paper.

Acknowledgments

Funding for this review was provided by the National Insti-
tutes of Health/National Institute of Dental and Craniofacial
Research grants (DE025218) to JMK and (DE023526) to JK.
The content is solely the responsibility of the authors and
does not necessarily represent the official views of the
National Institutes of Health.

References

[1] R.Medzhitov, P. Preston-Hurlburt, E. Kopp et al., “MyD88 is
an adaptor protein in the hToll/IL-1 receptor family signaling
pathways,” Molecular Cell, vol. 2, no. 2, pp. 253-258, 1998.

[2] R. Medzhitov, P. Preston-Hurlburt, and C. A. Janeway, “A
human homologue of the Drosophila Toll protein signals
activation of adaptive immunity,” Nature, vol. 388,
no. 6640, pp. 394-397, 1997.

[3] L. A.J. O'Neill, D. Golenbock, and A. G. Bowie, “The history
of Toll-like receptors - redefining innate immunity,” Nature
Reviews Immunology, vol. 13, no. 6, pp. 453-460, 2013.

[4] A. Marshak-Rothstein, “Toll-like receptors in systemic
autoimmune disease,” Nature Reviews Immunology, vol. 6,
no. 11, pp. 823-835, 2006.

[5] M.J. Shlomchik, “Activating systemic autoimmunity: B's, T's,
and Tolls,” Current Opinion in Immunology, vol. 21, no. 6,
pp. 626-633, 2009.

[6] C. P. Mavragani and H. M. Moutsopoulos, “Sjogren's
syndrome,” Annual Review of Pathology, vol. 9, no. 1,
pp. 273-285, 2014.

[7] A.S. Malladi, K. E. Sack, S. C. Shiboski et al., “Primary Sjo-
gren's syndrome as a systemic disease: a study of participants
enrolled in an international Sjogren's syndrome registry,”
Arthritis Care & Research, vol. 64, no. 6, pp. 911-918, 2012.



Journal of Immunology Research

(8]

(9]

(10]

(11]

(12]

(13]

(14]

(15]

(16]

(17]

(18]

(19]

(20]

(21]

(22]

(23]

C. Diaz de Guillory, J. D. Schoolfield, D. Johnson et al., “Co-
relationships between glandular salivary flow rates and dental
caries,” Gerodontology, vol. 31, no. 3, pp. 210-219, 2014.

H. Aljanobi, A. Sabharwal, B. Krishnakumar, and J. M.
Kramer, “Is it Sjégren's syndrome or burning mouth syn-
drome? Distinct pathoses with similar oral symptoms,” Oral
Surgery, Oral Medicine, Oral Pathology, Oral Radiology,
vol. 123, no. 4, pp. 482-495, 2017.

G. N. Foulks, S. L. Forstot, P. C. Donshik et al., “Clinical
guidelines for management of dry eye associated with Sjogren
disease,” The Ocular Surface, vol. 13, no. 2, pp. 118-132, 2015.

T. E. Daniels, L. A. Criswell, C. Shiboski et al., “An early view
of the international Sjogren's syndrome registry,” Arthritis
and Rheumatism, vol. 61, no. 5, pp. 711-714, 2009.

C. H. Shiboski, S. C. Shiboski, R. Seror et al., “2016 American
College of Rheumatology/European League Against
Rheumatism classification criteria for primary Sjogren's
syndrome,” Annals of the Rheumatic Diseases, vol. 76, no. 1,
pp. 9-16, 2017.

Breakthrough Goal, “Sjogren's Syndrome Foundation, Inc,”
2018, http://www.sjogrens.org/home/about-the-foundation/
breakthrough-goal-.

N. I. Maria, Z. Brkic, M. Waris et al.,, “MxA as a clinically
applicable biomarker for identifying systemic interferon type
I in primary Sjogren's syndrome,” Annals of the Rheumatic
Diseases, vol. 73, no. 6, pp. 1052-1059, 2014.

D. F. Fiorentino, M. Presby, A. N. Baer et al., “PUF60: a
prominent new target of the autoimmune response in derma-
tomyositis and Sjogren's syndrome,” Annals of the Rheumatic
Diseases, vol. 75, no. 6, pp. 1145-1151, 2016.

J. C. Hall, A. N. Baer, A. A. Shah et al., “Molecular subsetting
of interferon pathways in Sjégren's syndrome,” Arthritis &
Rhematology, vol. 67, no. 9, pp. 2437-2446, 2015.

T. N. Lavoie, B. H. Lee, and C. Q. Nguyen, “Current concepts:
mouse models of Sjogren's syndrome,” Journal of Biomedicine
& Biotechnology, vol. 2011, Article ID 549107, 14 pages, 2011.

Y.-S. Park, A. Gauna, and S. Cha, “Mouse models of primary
Sjogren's syndrome,” Current Pharmaceutical Design, vol. 21,
no. 18, pp. 2350-2364, 2015.

J. Kiripolsky, L. Shen, Y. Liang et al., “Systemic manifesta-
tions of primary Sjogren's syndrome in the NOD.B10Sn-
H2 b /] mouse model,” Clinical Immunology, vol. 183,
pp. 225-232, 2017.

S. Makino, K. Kunimoto, Y. Muraoka, Y. Mizushima,
K. Katagiri, and Y. Tochino, “Breeding of a non-obese, dia-
betic strain of mice,” Jikken Dobutsu, vol. 29, no. 1, pp. 1-
13, 1980.

M. G. Humphreys-Beher, Y. Hu, Y. Nakagawa, P. L. Wang,
and K. R. Purushotham, “Utilization of the non-obese dia-
betic (NOD) mouse as an animal model for the study of sec-
ondary Sjogren’s syndrome,” Advances in Experimental
Medicine and Biology, vol. 350, pp. 631-636, 1994.

S. Cha, A. B. Peck, and M. G. Humphreys-Beher, “Progress
inunderstandingautoimmuneexocrinopathyusing  thenon-
obesediabeticmouse: anupdate,” Critical Reviews in Oral Biol-
ogy and Medicine, vol. 13, no. 1, pp. 5-16, 2002.

S. Haskett, J. Ding, W. Zhang et al., “Identification of novel
CD4+T cell subsets in the target tissue of Sjégren’s syndrome
and their differential regulation by the lymphotoxin/LIGHT
signaling axis,” Journal of Immunology, vol. 197, no. 10,
pp. 3806-3819, 2016.

[24]

[25]

[26]

(27]

(28]

[29]

(30]

(31]

(32]

(33]

[34]

(35]

(36]

(37]

S. Shimizu, Y. Kurashige, M. Nishimura et al., “Involvement
of toll-like receptors in autoimmune sialoadenitis of the
non-obese diabetic mouse,” Journal of Oral Pathology ¢
Medicine, vol. 41, no. 7, pp. 517-523, 2012.

M. Rutz, J. Metzger, T. Gellert et al., “Toll-like receptor 9
binds single-stranded CpG-DNA in a sequence- and pH-
dependent manner,” European Journal of Immunology,
vol. 34, no. 9, pp- 2541-2550, 2004.

O. M. Hart, V. Athie-Morales, G. M. O'Connor, and C. M.
Gardiner, “TLR7/8-mediated activation of human NK cells
results in accessory cell-dependent IFN-gamma production,”
Journal of Immunology, vol. 175, no. 3, pp. 1636-1642, 2005.

O. de Bouteiller, E. Merck, U. A. Hasan et al., “Recognition of
double-stranded RNA by human toll-like receptor 3 and
downstream receptor signaling requires multimerization
and an acidic pH,” The Journal of Biological Chemistry,
vol. 280, no. 46, pp. 38133-38145, 2005.

X. Gu, G. Wu, Y. Yao et al,, “Intratracheal administration of
mitochondrial DNA directly provokes lung inflammation
through the TLR9-p38 MAPK pathway,” Free Radical Biology
& Medicine, vol. 83, pp. 149-158, 2015.

H. Shi, C. Q. Yu, L. S. Xie, Z. J. Wang, P. Zhang, and L. Y.
Zheng, “Activation of TLR9-dependent p38MAPK pathway
in the pathogenesis of primary Sjogren's syndrome in
NOD/Ltj mouse,” Journal of Oral Pathology ¢ Medicine,
vol. 43, no. 10, pp. 785-791, 2014.

A. Gilboa-Geffen, Y. Wolf, G. Hanin et al., “Activation of the
alternative NFkB pathway improves disease symptoms in a
model of Sjogren's syndrome,” PLoS One, vol. 6, no. 12, arti-
cle 28727, 2011.

K. M. Nickerson, Y. Wang, S. Bastacky, and M. J. Shlomchik,
“Toll-like receptor 9 suppresses lupus disease in Fas-
sufficient MRL mice,” PLoS One, vol. 12, no. 3, article
e0173471, 2017.

S. Cha, H. Nagashima, V. B. Brown, A. B. Peck, and M. G.
Humphreys-Beher, “Two NODIdd-associated intervals con-
tribute synergistically to the development of autoimmune
exocrinopathy (Sjogren's syndrome) on a healthy murine
background,” Arthritis and Rheumatism, vol. 46, no. 5,
pp. 1390-1398, 2002.

S. Y. Killedar, S. E. Eckenrode, R. A. McIndoe et al., “Early
pathogenic events associated with Sjogren's syndrome (SjS)-
like disease of the nod mouse using microarray analysis,”
Laboratory Investigation, vol. 86, no. 12, pp. 1243-1260, 2006.

L. S. Wicker, M. C. Appel, F. Dotta et al., “Autoimmune
syndromes in major histocompatibility complex (MHC) con-
genic strains of nonobese diabetic (NOD) mice. The NOD
MHC is dominant for insulitis and cyclophosphamide-
induced diabetes,” The Journal of Experimental Medicine,
vol. 176, no. 1, pp. 67-77, 1992.

C. P. Robinson, S. Yamachika, D. 1. Bounous et al., “A novel
NOD-derived murine model of primary Sjogren's syndrome,”
Arthritis and Rheumatism, vol. 41, no. 1, pp. 150-156, 1998.

J. Kiripolsky, L. G. McCabe, D. P. Gaile, and J. M. Kramer,
“MyD88 is required for disease development in a primary
Sjogren’s syndrome mouse model,” Journal of Leukocyte Biol-
0gy, vol. 102, no. 6, pp. 1411-1420, 2017.

S. C. A. van Blokland and M. A. Versnel, “Pathogenesis of
Sjogren's syndrome: characteristics of different mouse models

for autoimmune exocrinopathy,” Clinical Immunology,
vol. 103, no. 2, pp- 111-124, 2002.


http://www.sjogrens.org/home/about-the-foundation/breakthrough-goal-
http://www.sjogrens.org/home/about-the-foundation/breakthrough-goal-

10

(38]

(39]

(40]

[41]

(42]

(43]

(44]

(45]

[46]

(47]

(48]

(49]

(50]

(51]

(52]

E. W. Gresik, “The granular convoluted tubule (GCT) cell of
rodent submandibular glands,” Microscopy Research and
Technique, vol. 27, no. 1, pp. 1-24, 1994.

U. S. Deshmukh, S. R. Nandula, P. R. Thimmalapura, Y. M.
Scindia, and H. Bagavant, “Activation of innate immune
responses through Toll-like receptor 3 causes a rapid loss of
salivary gland function,” Journal of Oral Pathology &
Medicine, vol. 38, no. 1, pp. 42-47, 2009.

S. R. Nandula, Y. M. Scindia, P. Dey, H. Bagavant, and U. S.
Deshmukh, “Activation of innate immunity accelerates
sialoadenitis in a mouse model for Sjogren's syndrome-like
disease,” Oral Diseases, vol. 17, no. 8, pp. 801-807, 2011.

S.-R. Nandula, P. Dey, K. L. Corbin, C. S. Nunemaker,
H. Bagavant, and U. S. Deshmukh, “Salivary gland hypofunc-
tion induced by activation of innate immunity is dependent
on type I interferon signaling,” Journal of Oral Pathology ¢
Medicine, vol. 42, no. 1, pp. 66-72, 2013.

C.S. Wang, Y. Wee, C. H. Yang, J. E. Melvin, and O. J. Baker,
“ALX/FPR2 modulates anti-inflammatory responses in
mouse submandibular gland,” Scientific Reports, vol. 6,
no. 1, p. 24244, 2016.

J. Zhou, J. Jun-O, J. Dy, and Q. Yu, “Innate immune signaling
induces IL-7 production, early inflammatory responses, and
Sjogren's-like dacryoadenitis in C57BL/6 mice,” Investigative
Ophthalmology & Visual Science, vol. 56, no. 13, pp. 7831-
7838, 2015.

T. Higuchi, I. Haruta, N. Shibata, N. Yanagisawa, and J. Yagi,
“Flagellar filament structural protein induces Sjogren's
syndrome-like sialadenitis in mice,” Oral Diseases, vol. 23,
no. 5, pp. 636-643, 2017.

A. Lartigue, N. Colliou, S. Calbo et al., “Critical role of TLR2
and TLR4 in autoantibody production and glomerulonephri-
tis in Ipr mutation-induced mouse lupus,” Journal of Immu-
nology, vol. 183, no. 10, pp. 6207-6216, 2009.

Y. Liu, H. Yin, M. Zhao, and Q. Lu, “TLR2 and TLR4 in auto-
immune diseases: a comprehensive review,” Clinical Reviews
in Allergy & Immunology, vol. 47, no. 2, pp. 136-147, 2014.

R. Medzhitov, “Toll-like receptors and innate immunity,”
Nature Reviews Immunology, vol. 1, no. 2, pp. 135-145, 2001.

S. O'reilly and L. Dufty, “Toll-like receptors in the pathogen-
esis of autoimmune diseases: recent and emerging transla-
tional developments,” ImmunoTargets and Therapy, vol. 5,
pp. 69-80, 2016.

S. K. Kwok, M. L. Cho, Y. M. Her et al, “TLR2 ligation
induces the production of IL-23/IL-17 via IL-6, STAT3 and
NF-kB pathway in patients with primary Sjogren's syn-
drome,” Arthritis Research ¢ Therapy, vol. 14, no. 2, p. Ré64,
2012.

M. Ittah, C. Miceli-Richard, J. E. Gottenberg et al., “Viruses
induce high expression of BAFF by salivary gland epithelial
cells through TLR- and type-I IFN-dependent and -indepen-
dent pathways,” European Journal of Immunology, vol. 38,
no. 4, pp. 1058-1064, 2008.

M. P. Spachidou, E. Bourazopoulou, C. I. Marathetftis et al.,
“Expression of functional Toll-like receptors by salivary
gland epithelial cells: increased mRNA expression in cells
derived from patients with primary Sjogren's syndrome,”
Clinical and Experimental Immunology, vol. 147, no. 3,
pp. 497-503, 2007.

M. Sisto, L. Lorusso, and S. Lisi, “TLR2 signals via NF-kB to
drive IL-15 production in salivary gland epithelial cells

(53]

(54]

(55]

(56]

(57]

(58]

(59]

(60]

[61]

[62]

(63]

(64]

[65]

[66]

Journal of Immunology Research

derived from patients with primary Sjogren’s syndrome,”
Clinical and Experimental Medicine, vol. 17, no. 3, pp. 341-
350, 2017.

T. A. Waldmann, “The biology of IL-15: implications for can-
cer therapy and the treatment of autoimmune disorders,”
Journal of Investigative Dermatology Symposium Proceedings,
vol. 16, no. 1, pp. S28-S30, 2013.

M. Sisto, L. Lorusso, and S. Lisi, “Interleukin-15 as a potential
new target in Sjogren's syndrome-associated inflammation,”
Pathology, vol. 48, no. 6, pp. 602-607, 2016.

G. E. Katsifis, S. Rekka, N. M. Moutsopoulos, S. Pillemer, and
S. M. Wahl, “Systemic and local interleukin-17 and linked
cytokines associated with Sjégren's syndrome immunopatho-
genesis,” The American Journal of Pathology, vol. 175, no. 3,
pp. 1167-1177, 2009.

K. Moreth, R. Brodbeck, A. Babelova et al., “The proteoglycan
biglycan regulates expression of the B cell chemoattractant
CXCL13 and aggravates murine lupus nephritis,” The Journal
of Clinical Investigation, vol. 120, no. 12, pp. 4251-4272,
2010.

S. Bhattacharyya, Z. Tamaki, W. Wang et al., “Fibronecti-
nEDA promotes chronic cutaneous fibrosis through Toll-
like receptor signaling,” Science Tranmslational Medicine,
vol. 6, no. 232, article 232ra50, 2014.

C. E. Bryant, N.J. Gay, S. Heymans, S. Sacre, L. Schaefer, and
K. S. Midwood, “Advances in toll-like receptor biology: modes
of activation by diverse stimuli,” Critical Reviews in Biochem-
istry and Molecular Biology, vol. 50, no. 5, pp. 359-379, 2015.

A. Kawakami, K. Nakashima, M. Tamai et al., “Toll-like
receptor in salivary glands from patients with Sjogren's
syndrome: functional analysis by human salivary gland cell
line,” The Journal of Rheumatology, vol. 34, no. 5, pp. 1019-
1026, 2007.

N. R. Shah, B. D. Noll, C. B. Stevens, M. T. Brennan, F. B.
Mougeot, and J. L. C. Mougeot, “Biosemantics guided gene
expression profiling of Sjégren’s syndrome: a comparative
analysis with systemic lupus erythematosus and rheumatoid
arthritis,” Arthritis Research & Therapy, vol. 19, no. 1,
p. 192, 2017.

L. C. Lin, O. Elkashty, M. Ramamoorthi et al., “Cross-con-
tamination of the human salivary gland HSG cell line with
Hela cells: a STR analysis study,” Oral Diseases, vol. 24,
no. 8, pp. 1477-1483, 2018.

J. Kiripolsky, L. G. McCabe, and J. M. Kramer, “Innate immu-
nity in Sjogren's syndrome,” Clinical Immunology, vol. 182,
pp. 4-13, 2017.

M. Karlsen, K. Jakobsen, R. Jonsson, D. Hammenfors,
T. Hansen, and S. Appel, “Expression of Toll-like receptors
in peripheral blood mononuclear cells of patients with pri-
mary Sjogren's syndrome,” Scandinavian Journal of Immu-
nology, vol. 85, no. 3, pp. 220-226, 2017.

S. Iwasa, H. Ota, K. Nishio et al., “Functional expression of
TLR5 in murine salivary gland epithelial cells,” Journal of
Oral Science, vol. 58, no. 3, pp. 317-323, 2016.

F. Brentano, O. Schorr, R. E. Gay, S. Gay, and D. Kyburz,
“RNA released from necrotic synovial fluid cells activates
rheumatoid arthritis synovial fibroblasts via toll-like receptor
3, Arthritis & Rheumatism, vol. 52, no. 9, pp. 2656-2665,
2005.

H. Nakamura, Y. Horai, T. Suzuki et al.,, “TLR3-mediated
apoptosis and activation of phosphorylated Akt in the



Journal of Immunology Research

[67]

(68]

(69]

[70]

(71]

(72]

(73]

(74]

[75]

(76]

(77]

(78]

(79]

salivary gland epithelial cells of primary Sjogren's syndrome
patients,” Rheumatology International, vol. 33, no. 2,
pp. 441-450, 2013.

J. Groom, S. L. Kalled, A. H. Cutler et al., “Association of
BAFF/BLyS overexpression and altered B cell differentiation
with Sjégren's syndrome,” The Journal of Clinical Investiga-
tion, vol. 109, no. 1, pp. 59-68, 2002.

C. Daridon, V. Devauchelle, P. Hutin et al., “Aberrant expres-
sion of BAFF by B lymphocytes infiltrating the salivary glands
of patients with primary Sjogren's syndrome,” Arthritis and
Rheumatism, vol. 56, no. 4, pp. 1134-1144, 2007.

X. Mariette, S. Roux, J. Zhang et al, “The level of BLyS
(BAFF) correlates with the titre of autoantibodies in human
Sjogren's syndrome,” Annals of the Rheumatic Diseases,
vol. 62, no. 2, pp- 168-171, 2003.

A. Sharma, J. Kiripolsky, E. Klimatcheva et al., “Early BAFF
receptor blockade mitigates murine Sjégren's syndrome: con-
comitant targeting of CXCL13 and the BAFF receptor pre-
vents salivary hypofunction,” Clinical Immunology, vol. 164,
pp. 85-94, 2016.

P. Youinou and J. O. Pers, “Disturbance of cytokine networks
in Sjogren's syndrome,” Arthritis Research & Therapy, vol. 13,
no. 4, p. 227, 2011.

J. L. Vosters, N. Roescher, G. G. Illei, J. A. Chiorini, and P. P.
Tak, “TACI-Fc gene therapy improves autoimmune sialade-
nitis but not salivary gland function in non-obese diabetic
mice,” Oral Diseases, vol. 18, no. 4, pp. 365-374, 2012.

M. N. Manoussakis, M. P. Spachidou, and C. I. Marathetftis,
“Salivary epithelial cells from Sjogren's syndrome patients
are highly sensitive to anoikis induced by TLR-3 ligation,”
Journal of Autoimmunity, vol. 35, no. 3, pp. 212-218, 2010.
Y. Horai, H. Nakamura, Y. Nakashima, T. Hayashi, and
A. Kawakami, “Analysis of the downstream mediators of
toll-like receptor 3-induced apoptosis in labial salivary glands
in patients with Sjogren's syndrome,” Modern Rheumatology,
vol. 26, no. 1, pp. 99-104, 2015.

M. N. Manoussakis, G. E. Fragoulis, A. G. Vakrakou, and
H. M. Moutsopoulos, “Impaired clearance of early apoptotic
cells mediated by inhibitory IgG antibodies in patients with
primary Sjogren's syndrome,” PLoS One, vol. 9, no. 11, article
€112100, 2014.

N. C. Kyriakidis, E. K. Kapsogeorgou, V. C. Gourzi, O. D.
Konsta, G. E. Baltatzis, and A. G. Tzioufas, “Toll-like receptor
3 stimulation promotes Ro52/TRIM21 synthesis and nuclear
redistribution in salivary gland epithelial cells, partially via
type I interferon pathway,” Clinical and Experimental Immu-
nology, vol. 178, no. 3, pp. 548-560, 2014.

N. L. Maria, E. C. Steenwijk, A. S. IJpma et al., “Contrast-
ing expression pattern of RNA-sensing receptors TLR7,
RIG-I and MDA5 in interferon-positive and interferon-
negative patients with primary Sjogren's syndrome,”
Annals of the Rheumatic Diseases, vol. 76, no. 4,
pp. 721-730, 2016.

L. Zheng, Z. Zhang, C. Yu, and C. Yang, “Expression of Toll-
like receptors 7, 8, and 9 in primary Sjogren's syndrome,”
Oral Surgery, Oral Medicine, Oral Pathology, Oral Radiology,
and Endodontics, vol. 109, no. 6, pp. 844-850, 2010.

J.-E. Gottenberg, N. Cagnard, C. Lucchesi et al., “Activation
of IFN pathways and plasmacytoid dendritic cell recruitment
in target organs of primary Sjogren’s syndrome,” Proceedings
of the National Academy of Sciences of the United States of
America, vol. 103, no. 8, pp. 2770-2775, 2006.

(80]

(81]

(82]

(83]

(84]

(85]

(86]

(87]

(88]

(89]

[90]

[91]

[92]

(93]

(94]

11

M. Karlsen, R. Jonsson, J. G. Brun, S. Appel, and
T. Hansen, “TLR-7 and -9 stimulation of peripheral blood
B cells indicate altered TLR signalling in primary Sjogren's
syndrome patients by increased secretion of cytokines,”
Scandinavian Journal of Immunology, vol. 82, no. 6,
pp. 523-531, 2015.

S. Brauner, L. Folkersen, M. Kvarnstrom et al, “HIN1
vaccination in Sjogren’s syndrome triggers polyclonal B
cell activation and promotes autoantibody production,”
Annals of the Rheumatic Diseases, vol. 76, no. 10,
pp. 1755-1763, 2017.

P. Vogelsang, M. Karlsen, ]J. G. Brun, R. Jonsson, and
S. Appel, “Altered phenotype and Statl expression in
Toll-like receptor 7/8 stimulated monocyte-derived den-
dritic cells from patients with primary Sjogren’s syn-
drome,” Arthritis Research & Therapy, vol. 16, no. 4,
p- R166, 2014.

A.N. Theofilopoulos, D. H. Kono, and R. Baccala, “The mul-
tiple pathways to autoimmunity,” Nature Immunology,
vol. 18, no. 7, pp. 716-724, 2017.

J. L. Mougeot, B. D. Noll, and F. K. Bahrani Mougeot,
“Sjogren's syndrome X-chromosome dose effect: an epige-
netic perspective,” Oral Diseases, 2018.

M. Souyris, C. Cenac, P. Azar et al., “TLR7escapes X chromo-
some inactivation in immune cells,” Science Immunology,
vol. 3, no. 19, article eaap8855, 2018.

K. Luu, C. J. Greenhill, A. Majoros, T. Decker, B. J. Jenkins,
and A. Mansell, “STAT1 plays a role in TLR signal transduc-
tion and inflammatory responses,” Immunology and Cell
Biology, vol. 92, no. 9, pp. 761-9, 2014.

M. A. Rivieccio, H. S. Suh, Y. Zhao et al., “TLR3 ligation acti-
vates an antiviral response in human fetal astrocytes: a role
for viperin/cig5,” Journal of Immunology, vol. 177, no. 7,
pp. 4735-4741, 2006.

B. Wang, Y. Fang, Y. Wu et al.,, “Viperin is induced following
toll-like receptor 3 (TLR3) ligation and has a virus-responsive
function in human trophoblast cells,” Placenta, vol. 36, no. 6,
pp. 667673, 2015.

K. Midwood, A. Piccinini, and S. Sacre, “Targeting Toll-like
receptors in autoimmunity,” Current Drug Targets, vol. 10,
no. 11, pp. 1139-1155, 2009.

A. M. Piccinini and K. S. Midwood, “DAMPening inflamma-
tion by modulating TLR signalling,” Mediators of Inflamma-
tion, vol. 2010, Article ID 672395, 21 pages, 2010.

L. Schaefer, “Complexity of danger: the diverse nature of
damage-associated molecular patterns,” The Journal of
Biological Chemistry, vol. 289, no. 51, pp. 35237-35245,
2014.

G.Y. Chen and G. Nuiiez, “Sterile inflammation: sensing and
reacting to damage,” Nature Reviews Immunology, vol. 10,
no. 12, pp. 826-837, 2010.

K. Schenke-Layland, J. Xie, E. Angelis et al., “Increased degra-
dation of extracellular matrix structures of lacrimal glands
implicated in the pathogenesis of Sjégren's syndrome,”
Matrix Biology, vol. 27, no. 1, pp. 53-66, 2008.

E. Goicovich, C. Molina, P. Pérez et al., “Enhanced degrada-
tion of proteins of the basal lamina and stroma by matrix
metalloproteinases from the salivary glands of Sjogren's syn-
drome patients: correlation with reduced structural integrity
of acini and ducts,” Arthritis and Rheumatism, vol. 48,
no. 9, pp. 2573-2584, 2003.



12

[95]

[96]

[97]

(98]

(9]

[100]

[101]

[102]

[103]

[104]

[105]

[106]

[107]

(108]

S. Yamachika, J. Brayer, G. E. Oxford, A. B. Peck, and M. G.
Humphreys-Beher, “Aberrant proteolytic digestion of bigly-
can and decorin by saliva and exocrine gland lysates from
the NOD mouse model for autoimmune exocrinopathy,”
Clinical and Experimental Rheumatology, vol. 18, no. 2,
pp. 233240, 2000.

M. Sudrez-Farifias, R. Arbeit, W. Jiang, F. S. Ortenzio,
T. Sullivan, and J. G. Krueger, “Suppression of molecular
inflammatory pathways by Toll-like receptor 7, 8, and 9
antagonists in a model of IL-23-induced skin inflammation,”
PLoS One, vol. 8, no. 12, article e84634, 2013.

S. Travis, L. M. Yap, C. Hawkey et al., “RDP58 is a novel and
potentially effective oral therapy for ulcerative colitis,”
Inflammatory Bowel Diseases, vol. 11, no. 8, pp. 713-719,
2005.

J. Li, X. Wang, F. Zhang, and H. Yin, “Toll-like receptors as
therapeutic targets for autoimmune connective tissue dis-
eases,” Pharmacology & Therapeutics, vol. 138, no. 3,
pp. 441-451, 2013.

C. G. Horton and A. D. Farris, “Toll-like receptors in
systemic lupus erythematosus: potential targets for therapeu-
tic intervention,” Current Allergy and Asthma Reports,
vol. 12, no. 1, pp. 1-7, 2012.

F. I. Clanchy and S. M. Sacre, “Modulation of toll-like recep-
tor function has therapeutic potential in autoimmune
disease,” Expert Opinion on Biological Therapy, vol. 10,
no. 12, pp. 1703-1716, 2010.

P. N. Kelly, D. L. Romero, Y. Yang et al, “Selective
interleukin-1 receptor-associated kinase 4 inhibitors for the
treatment of autoimmune disorders and lymphoid malig-
nancy,” The Journal of Experimental Medicine, vol. 212,
no. 13, pp. 2189-2201, 2015.

J. K. Brenke, G. M. Popowicz, K. Schorpp et al.,, “Targeting
TRAF6 E3 ligase activity with a small-molecule inhibitor
combats autoimmunity,” The Journal of Biological Chemistry,
vol. 293, no. 34, pp. 13191-13203, 2018.

Study of an Anti-TLR4 mAb in Rheumatoid Arthritis, U.S.
National Library of Medicine, 2018, clinicaltrials.gov/ct2/
show/NCT032411082cond=TLR4&rank=9.

D. M. W. Balak, M. B. A. van Doorn, R. D. Arbeit et al.,
“IMO-8400, a toll-like receptor 7, 8, and 9 antagonist, dem-
onstrates clinical activity in a phase 2a, randomized,
placebo-controlled trial in patients with moderate-to-severe
plaque psoriasis,” Clinical Immunology, vol. 174, pp. 63-72,
2017.

J. M. Kramer, “Early events in Sjogren’s Syndrome pathogen-
esis: The importance of innate immunity in disease initia-
tion,” Cytokine, vol. 67, no. 2, pp. 92-101, 2014.

T. Regen, D. van Rossum, J. Scheffel et al., “CD14 and TRIF
govern distinct responsiveness and responses in mouse
microglial TLR4 challenges by structural variants of LPS,”
Brain, Behavior, and Immunity, vol. 25, no. 5, pp. 957-970,
2011.

H. Yang, H. Wang, Z. Ju et al.,, “MD-2 is required for disulfide
HMGBI-dependent TLR4 signaling,” The Journal of Experi-
mental Medicine, vol. 212, no. 1, pp. 5-14, 2015.

A. G. Vakrakou, A. Polyzos, E. K. Kapsogeorgou, D. Thanos,
and M. N. Manoussakis, “Perturbation of transcriptome in
non-neoplastic salivary gland epithelial cell lines derived
from patients with primary Sjogren's syndrome,” Data in
Brief, vol. 17, pp. 194-199, 2018.

[109]

[110]

[111]

[112]

[113]

[114]

[115]

[116]

[117]

Journal of Immunology Research

T. B. Enger, A. Samad-Zadeh, M. P. Bouchie et al., “The
Hippo signaling pathway is required for salivary gland devel-
opment and Its dysregulation is associated with Sjogren's
syndrome,” Laboratory Investigation, vol. 93, no. 11,
pp. 1203-1218, 2013.

E. J. Silvestre, A. Puente, J. V. Bagan, and J. V. Castell,
“Presence of fibronectin peptides in saliva of patients with
Sjogren's syndrome: a potential indicator of salivary gland
destruction,” Medicina Oral, Patologia Oral y Cirugia Bucal,
vol. 14, no. 8, pp. €365-¢370, 2009.

H. H. Nordal, J. G. Brun, A. K. Halse, T. M. Madland, M. K.
Fagerhol, and R. Jonsson, “Calprotectin (S100A8/A9),
S100A12, and EDTA-resistant SI00A12 complexes (ERAC)
in primary Sjégren’s syndrome,” Scandinavian Journal of
Rheumatology, vol. 43, no. 1, pp. 76-78, 2013.

M. Cuida, A. K. Halse, A. C. Johannessen, T. Tynning, and
R. Jonsson, “Indicators of salivary gland inflammation in pri-
mary Sjogren's syndrome,” European Journal of Oral Sciences,
vol. 105, no. 3, pp. 228-233, 1997.

C. Nicaise, L. Weichselbaum, L. Schandene et al., “Phagocyte-
specific SI00A8/A9 is upregulated in primary Sjogren's
syndrome and triggers the secretion of pro-inflammatory
cytokines in vitro,” Clinical and Experimental Rheumatology,
vol. 35, no. 1, pp. 129-136, 2017.

A. A.Jazzar, P.]. Shirlaw, G. H. Carpenter, S. J. Challacombe,
and G. B. Proctor, “Salivary S100A8/A9 in Sjégren's syn-
drome accompanied by lymphoma,” Journal of Oral Pathol-
ogy & Medicine, vol. 47, no. 9, pp. 900-906, 2018.

M. J. Barrera, S. Aguilera, E. Veerman et al., “Salivary mucins
induce a Toll-like receptor 4-mediated pro-inflammatory
response in human submandibular salivary cells: are mucins
involved in Sjogren’s syndrome?,” Rheumatology, vol. 54,
no. 8, pp. 1518-1527, 2015.

C. P. Mavragani, A. Nezos, L. Sagalovskiy, S. Seshan, K. A.
Kirou, and M. K. Crow, “Defective regulation of L1 endoge-
nous retroelements in primary Sjogren's syndrome and
systemic lupus erythematosus: role of methylating enzymes,”
Journal of Autoimmunity, vol. 88, pp. 75-82, 2018.

C. P. Mavragani, I. Sagalovskiy, Q. Guo et al., “Expression of
long interspersed nuclear element 1 retroelements and induc-
tion of type I interferon in patients with systemic autoim-
mune disease,” Arthritis & Rhematology, vol. 68, no. 11,
Pp. 26862696, 2016.



	Current and Emerging Evidence for Toll-Like Receptor Activation in Sjögren’s Syndrome
	1. Introduction
	2. Mouse Models of pSS Reveal the Importance of TLRs in Disease
	2.1. Spontaneous Development of SS: NOD/Lt and NOD-Related Strains
	2.2. TLR Agonists Induce SS in Healthy and SS-Prone Mice

	3. TLRs Are Dysregulated in Human SS
	3.1. Cell Surface TLRs Contribute to SS Pathogenesis
	3.1.1. TLR2 Mediates Inflammation in SS
	3.1.2. Emerging Data Suggest an Important Role for TLR4 in Human SS
	3.1.3. Hematopoietic-Derived TLR5 May Contribute to Disease

	3.2. Endosomal TLRs Mediate Disease in SS Patients
	3.2.1. TLR3 Mediates Cell Death and Inflammatory Cytokine Production in Salivary Gland Cells in SS
	3.2.2. Activation of TLR7, TLR8, and TLR9 Contributes to Immune Dysregulation in SS

	3.3. TLR-Dependent Signaling Molecules Are Dysregulated in SS

	4. Emerging Data Identify Novel Ligands That Likely Mediate Chronic Inflammation in SS
	5. Inhibition of TLR-Dependent Signaling Mitigates Human Autoimmunity
	6. Conclusion
	Conflicts of Interest
	Acknowledgments

